This article presents the modelling and simulation results of the dynamic stability performance of a multiterminal VSC-HVDC system inside an ac network. The VSC is modelled as two decoupled sources; one fundamental frequency ac source and a dc current source. The VSC model developed was used in a HVDC grid test system and its response is shown. The results obtained indicate that the VSC modelling approach is consistent with the expected response of the system including VSCs.
Introduction
A power system component may have many representations for its physical characteristics and behavior and, depending on the type of study being performed, different approaches are more suitable than others. For power flow and electrodynamic transient (or dynamic stability) studies, the phasor model of such components are employed.
In the dynamic stability analysis, two conditions can be examined: the short-term period in which the system has to maintain the machines synchronized with each other (frequency and angle stability [1] ); and the long term period where it is desired to calculate the new steady-state condition of the system in terms of power flow, bus voltages and frequency of operation after the contingency. The models differ by the secondary control (frequency bias and tie line control larger time response) represented in the long term analysis. In the short term study, the main concern is the system security, whereas in the second type, this concern lies in the analysis of protection, load shedding and the new steady-state conditions of the system.
The use of VSC-based converters at the high power level appears as a growing option in many parts of the world due to advances in converter technology. A number of references can be found on the converter waveform modelling. Also, some previous studies addressing this issue are available in the open literature.
Reference [2] implemented an algorithm to solve power flow calculations of an ac grid with point-to-point VSC transmission. On [3] is presented a method for incorporating the VSC into the Newton-Raphson method for load flow calculations. The power flow problem including multiterminal systems is discussed in [4] and [5] . The dynamic modeling of VSC for stability studies is covered in [6] , [7] and [8] .
Below, the specific modelling of ac/dc system for VSC converter and dc grid are discussed.
A VSC-HVDC Link within an AC System

Operating rinciple of a VSC P
The operating principle of VSC transmission is described in [9] but it can be briefly represented as in Figure 1 (inverter side) with its equivalent circuit being shown in Figure 2 . The VSC generates a voltage with a specified magnitude U conv and angle δ. Note that, for the power flow and dynamic stability analysis, the VSC can be modelled as a fundamental frequency source, i.e. further detailing on the construction of the waveforms and the effects of higher frequencies can be left aside.
Thus, the output of the VSC ac side (inverter) can be written as (1),
Where, δ is the phase angle between the converter voltage U conv and the ac voltage U L ; λ is the voltage ratio factor (ranging from 0 to 1).
With the calculated value of U conv , P and Q can be evaluated through (2) and (3).
The general control system of a VSC comprises two state variables A order and B order to be controlled by the change in the voltage magnitude λ and its phase angle δ. These control variables can be either directly modified by the variation in the state variables (Figure 3) , or indirectly through a change of coordinates, such as used in vector control using the dq0 transform [6] . The A and B input signals can be those shown in Figure 4 . Figure 4 Controllers for the converters [9] .
In other words, either the dc voltage or the active power can be controlled through δ, whereas the ac voltage, the reactive power or the power factor at an ac bus where the VSC is connected can be controlled through λ (magnitude of the ac voltage generated by the converter).
Power Flow
In order to analyse the power flow issue in systems containing VSCs the two terminal system depicted in Figure 5 will be used. To include the VSC link in the ac power flow calculation, certain parameters shall be set, for instance, the dc voltage (Vds) at the sending end of the dc link and the power output (Pdr) at the receiving end. With these two variables set, all other remaining parameters are defined.
As for the controllers, it will be assumed (without loss of generality) that at the sending-end Vds and Qs are controlled and that Pdr and Vsr are the variables controlled at the receiving end. The VSC link can thus be embedded in the ac system through buses Ss and Sr.
In the load flow calculation, the bus at the sending end (Ss) can be set as a type 3 bus (load bus) in which Pds and Qs are known variables, whereas bus Sr (receiving end) can be set as a type 2 bus (generator bus) with the variables Pdr and Vsr known.
The simulation can now be performed using any ac load flow program. Subsequently, the remaining variables at busses Cs; Cr (voltage magnitude and angle; active and reactive powers) are determined.
Dynamic tability S
The VSC controllers considered in the model are set to control Vds and Qs for the converter at the sending end and Pdr and Vsr for the one at the receiving end.
As the converter busses can be represented by their voltages at Cs and Cr, the network has to be recalculated due to changes on the grid nodal matrix (Y bus ). The new values obtained for voltages Ss and Sr, active and reactive powers at Cs and Cr ( Figure 5 ) are certainly different from the values before the event. The new Qs, Pdr and Vsr will be used to solve the control functions in the next integration interval. However the active power in the sending end will be inconsistent with the active power in the receiving end, and also with the dc voltages on the lines. It is thought that the difference in active power will result in a change of the dc voltages. Therefore, the line dynamics shall be included in the model represented as an equivalent π section or by its travelling wave equations, akin to an EMT based software, in order to determine Vds.
Thus, at the beginning of the integration step, the variables known are: -Vds and Qs measured at the sending end; -Vsr and Pdr measured at the receiving end.
By numeric integration, Vac and δ at the AC side of the converters are then determined for the instant (t+1)¯ . These values are used to calculate the ac system. As a result, new values of P, Q and V at the ac side of the converter are obtained and are used in the next integration step.
To test the procedure described, an EMT software was used and the following steps were taken.
1 -Select a test system. For the test case, it was selected the system depicted in Figure 6 . 3 -Remove the LCC link and add ideal generators to buses Cs and Cr whose voltages were previously determined on step 2. The inclusion of the equivalent ideal sources should yield the same steady state condition as obtained on step 2, which validates the approach.
4 -Set an event. An event removing two 500 kV lines near the dc link receiving bus was set at instant te = 15s, ultimately changing the ac Y bus matrix but maintaining the voltages (magnitude and phase) determined on step 3. Then collect the values P, Q and V at buses Ss and Sr on the instant te+. The values obtained are shown in Table 1 From Table 1 , it can be seen that for the base case the loss on the dc line is ΔP = Pds -Pdr = 136.7 MW However, after the fault, this value does not hold, as at the instant te+ ΔP = 943.7 MW.
This variation has to be accounted by the dc line dynamics and, therefore, the dc line model has to include its electrical and magnetic characteristics, i.e. it should be modeled by its equivalent π section or traveling wave equations. The control gains are determined based on forcing equal active power P flowing through the converter from ac to dc (dc to ac) side on the sending (receiving) end. It is necessary to limit the range of the injected current on the dc side through either a hard or a dynamic limiter based on the converter rated power and current capacity.
Effectively, this relation transforms the controlled current source into a controlled active power source, with the same steady state value as the measured on the ac side of the converter. During transients, the differences between the ac and the dc active power are explained by the dynamics of the controllers and the time to transfer the energy from one side to the other through the converter capacitors and dc line dynamics. Figure 9 The dq transformation. Figure 9 shows the use of the dq transformation to reduce the coupling effect between magnitude and phase of the equivalent voltage source of the converter when controlling P or Vdc and Q or Vac. For simplicity, the d axis was positioned over the system bus phasors Vs and Vr. Other strategies could be used to decouple the equations [6] . The time delay and behaviour of an actual controller is modeled as a pole and a dynamic limiter.
It may be necessary to include a dynamic limit to the range of the source phase Tc and the voltage magnitude Vc injected by the VSC on the ac side, as well as its maximum rate of change, since the active power transmitted is highly dependent on the power angle and it could interfere with the transient or dynamic stability of the system. Note that at sending bus the reactive power is controlled at unit power factor whereas in the receiving system bus the voltage magnitude is controlled.
Extension to an AC/DC Grid
Power low F
It is considered here that the VSC converters in the interconnections will be set controlling P and Q (or ac voltage). This setting decouples the ac from the dc system and the power flow can be calculated separately. An HVDC Grid test system was used here to explain how the power flow can be calculated.
The power flow in the HVDC grid test system diagram ( Figure 15 ) will be dictated by the power interchange between the ac and dc systems, related to the power control on converters X1, X2, X3. At first, the power interchange was estimated on the 3 interface converters. The estimation might not be the most suitable, depending on what the operation or planning requirements are. It is proposed that an heuristic based optimization algorithm be implemented to solve the Optimal Power Flow problem, taking into account both the dc and ac systems together.
The ac systems were evaluated on conventional ac load flow analysis software. Busses G α and G β were set as Slack busses and the remaining as load type busses with constant active and reactive power. If a converter is controlling the ac voltage and active power instead, its bus has to be modeled as type 2 generator bus (P, V).
For the dc grid sub system, the voltage in one bus was set to 1.0 pu at bus G dc and all others were set as load busses with constant active power (positive for loads and negative for generators). Nodal analysis with Y bus matrix and iterative Gauss-Seidel method was used in the calculation, as the Y bus is both symmetrical and diagonally dominant in the studied case the method converges.
The most used method for solving the load flow problem in an ac network is the Newton-Raphson. The same method was also used to solve the load flow in the dc network as explained below.
There must be an initial guess of the [Vi] vector values representing the dc bus voltages, which can be typically estimated at 1.0 pu. The following equation is iterated:
(1) (2) G ni represents the conductance between busses i and n, P n represents the injected power at bus n.
(3)
The Jacobean matrix H' is shown on Eq. (4) and can be recalculated at every step or at every other step to reduce computational effort. (4) The individual elements of the vector H are: (5) Therefore, the Jacobean matrix elements are given by: (6) The Newton-Raphson method was applied and the solution was found faster than using the Gauss-Seidel method.
It should be noted that the active power of converters are fixed at: X 1 = 1700 MW X 2 = 1300 MW X 3 = 500 MW The power on converters X1, X2 and X3 were then varied within an acceptable range of operation, but maintaining the total interchanged power at 3500 MW. Eight different cases are presented on Table 2 .
The total losses vary from 90.8 MW to 107.8 MW. The minimum total (ac + dc) loss was found in case 1. Since it wasn't used an optimisation method to find this solution, case 1 does not represent the configuration for minimum system loss. Table 2 System Joule losses for several configurations.
To better assess the validity of this approach, a depth search based heuristic algorithm was used to determine an optimized solution for the power dispatch. The algorithm performed a total of 2700 cases and the optimized point found was: X 1 = 1440 MW X 2 = 1080 MW X 3 = 980 MW dc losses = 80.1 MW, ac losses = 10.1 MW and total losses = 90.2 MW.
In this small test system it was possible to address the dispatch problem in a simple way, but determining the optimal power interchange for larger systems may be more difficult. It leads to a further investigation on different methods to solve it (e.g., linear programming, genetic algorithms, Lagrange multipliers, etc). Other objective functions may also be examined, like, for example, minimizing the transmission cost, where the lines are remunerated by the power they are carrying.
Dynamic tability S
Referring to the HVDC grid system depicted in Figure 15 , the converter at bus Y in the dc sub system is controlling the dc voltage, acting as the dc slack. All other converters are set to control output active power and ac voltage or reactive power in the ac side.
In an event instant t0+ the ac network shall be recalculated: setting magnitude and angles (behind reactance X) in the ac side of the converter buses, in the interconnections with the dc system, evaluating the active power in the interconnections.
The HVDC grid dynamics is modeled by the line and converter capacitance differential equations and the effect of power changes will appear in the end of the integration interval (as explained on item 2).
It should be noted that to model the dc grid lines completely by π sections (or travelling wave equations), a special routine should be inserted in the stability software. One possibility to solve this is to use EMT numerical methods of resolution within the stability algorithms.
In general, the integration step used for stability studies is larger than for EMT studies. It may occur that the stability software does not employ the trapezoidal rule of integration (or other equivalent method of integration). In this case, the dc system network and its control may be calculated separately from the electromechanical transients, using a numerical integration method with a sub multiple of the main integration step, as the transients involving dc systems are relatively faster.
It should be noted that the converter capacitors in a two level VSC topology are in parallel with the dc line; however, in a MMC (multimodular multilevel converter) the capacitors are connected in series with the line, the amount of capacitance is variable with time and operates with zero mean on steady state [10] . Also, the fast switching used in this technology is prone to inject less voltage harmonics on the ac side of the converter, which strengthens the argument of modeling it only as a fundamental voltage source. 
Conclusion
Regarding the load flow analysis, regular algorithms such as the Newton-Raphson or Gauss-Saidel, may be used with good numerical stability and fast convergence toward the solution. The only link between the ac and dc systems is the active power flowing through the converter, enabling an independent calculation of the load flow in each subsystem.
The validity of the load flow model for planning and operation is direct, since the long term controls will establish the load flow border conditions.
For the stability study, it is known that the VSC has the ability to control active power (or dc voltage) and reactive power (or ac voltage magnitude) independently, yet the modelling of the VSC for stability purposes is more difficult because of the major simplification of control and response over the real equipment. This paper proposed the use of the dq transformation to achieve better controllability and dynamic response. The presented results show that the modeled VSC-HVDC multiterminal grid performs as expected.
To validate the dynamic response of the proposed model, the results may be compared to a full physical converter model on an EMT type program, aiming to check if the same new operating condition is achieved with both models after a disturbance in the system.
Foreseeing the future need to plan and operate a dc supergrid connected to sparse or even highly integrated ac networks, it is necessary to further study methods to determine the optimal converter power dispatch.
